Both nonpathogenic Fusarium oxysporum and fluorescent Pseudomonas spp. have been reported to control fusarium diseases in different crops (3, 11, 16, 19, 21, 23, 32, 34, 37, 44) . However, the association of these two microorganisms suppresses fusarium diseases more efficiently and consistently than each antagonistic microorganism separately (19, 21, 23, 32) .
Competition for nutrients was proposed as a mechanism for suppression of fusarium diseases by both nonpathogenic F. oxysporum and fluorescent Pseudomonas spp. Couteaudier and Alabouvette (9) suggested that the efficacy of nonpathogenic F. oxysporum strains in controlling fusarium wilt is related to their ability to compete for carbon. Numerous studies have established that fluorescent Pseudomonas spp. are efficient competitors for ferric iron (5, 16, 24, 27, 29-31, 37, 38) . Their siderophores, called pyoverdines or pseudobactins, have a high affinity for iron (29, 40, 42) . Siderophore-mediated competition for iron was demonstrated or postulated to be responsible for suppression of disease development of several soilborne pathogens, including fusarium wilt, by strains of fluorescent Pseudomonas spp. (4, 5, 12, 16, 17, 26, 30, 31, (37) (38) (39) 46) .
The greater efficacy in disease suppression by the associ-ation of nonpathogenic F. oxysporum and fluorescent Pseudomonas spp. could be due to the combination of carbon and iron competition. In a recent study, Lemanceau et al. (23) suggested that pseudobactin 358 production by Pseudomonas putida WCS358 was responsible for the improved biological control of fusarium wilt achieved by the association of nonpathogenic F. oxysporum Fo47blO and P. putida WCS358 compared with the separate application of each antagonistic organism. These results suggest that pseudobactin-mediated competition for iron increases the efficacy of the antagonistic activity of nonpathogenic F. oxysporum Fo47b10 against pathogenic F. oxysporum.
To assess the value of this hypothesis, an in vitro bioassay was developed. This bioassay enabled the study of the interactions between nonpathogenic and pathogenic F. oxysporum, the effect of purified pseudobactin 358 on the growth of nonpathogenic and pathogenic F. oxysporum, and the effect of pseudobactin 358 on the antagonism of nonpathogenic F. oxysporum against pathogenic F. oxysporum.
MATERUILS AND METHODS
Microorganisms. Nonpathogenic F. oxysporum Fo47b10 is an efficient biocontrol agent of fusarium diseases (13, 23) . WCS816 is a virulent strain of F. oxysporum f. sp. dianthi pathogenic to carnation (Dianthus caryophyllus L.). P. putida WCS358 is a strong iron competitor (4) (5) (6) . Other relevant characteristics of these microorganisms have been given previously (23 (40 ,uM) .
Fungal inoculum required for the experiments was produced in 1-liter Erlenmeyer flasks containing 400 ml of medium described previously, with added glucose (1 g liter-1). After 7 days of growth, cultures were filtered through glass wool to remove mycelial mats. Microconidia left in the filtrate were pelleted by centrifugation (5,000 x g, 10 min) and washed three times with distilled water to remove traces of nutrients. Microconidial densities were measured by direct observation, using a hemocytometer.
Experiments were done at 25°C in 300-ml Erlenmeyer flasks containing 90 ml of medium, and flasks were subjected to mechanical agitation. Depending on experiments, the growth of each F. oxysporum strain was assessed when cultured alone or in the presence of the other strain. To distinguish the two strains from each other when grown in the same medium, the two strains were physically separated by a dialysis tube (pore size, 1.5 to 2.0 nm; Servapor). The pore size was large enough to allow free exchange of salts and glucose. One strain was kept inside the dialysis tube containing 9 ml of medium. This tube was placed in a 300-ml Erlenmeyer flask containing 81 ml of medium that included the other F. oxysporum strain.
Fungal growth was assessed by determination of both conidial germination and germ tube length. Cultures were sampled twice: after 12 h of growth for determining conidial germination, and after 24 h for measurement of germ tube length. The samples were fixed on glassware slides and stained with lactophenol reagent supplemented with aniline blue (14) . These (20 FM) inside and outside the dialysis tube.
Extraction and purification of pseudobactin 358. P. putida WCS358 was grown for 72 h at 25°C in standard succinate medium (29) . Concentrated supernatant was saturated with NH4(SO4)2 and then extracted with phenol-chloroform (1:1, wt/vol) as described by Van (Fig. 1) . Both conidial germination and germ tube length of the pathogenic F. oxysporum WCS816 were significantly reduced in the presence of the nonpathogenic F. oxysporum Fo47b1O (Fig. 1A and B initial concentration of glucose (mg/I) WCS816 was determined (Fig. 2) . A series of inoculations were made with different amounts of Fo47b1O directly into the medium, in which floated a dialysis tube containing WCS816 conidia. An antagonistic effect on conidial germination and mycelial growth of WCS816 was found which was related to the ratio (Fo47b1OIWCS816) of the conidial densities; for inoculants from 0:1 to 100:1, the effect was greater and greater. The effect of competition for glucose in this antagonism was evaluated by growing WCS816, with increasing concentrations of glucose in the medium, in the absence or presence of Fo47b1O. The conidial germination and germ tube length of WCS816 were measured, and the concentration of glucose remaining at the end of the experiments was determined (Fig. 3) .
In the absence of Fo47blO, the conidial germination of WCS816 did not appear to be directly affected by the initial glucose content of the growth medium, except at the highest concentration (Fig. 3A) . However, mycelial growth and concentrations of glucose remaining after these experiments were shown to be directly related to the initial concentrations of glucose ( Fig. 3B and C) .
In the presence of Fo47blO, both the conidial germination and mycelial growth of WCS816 were significantly suppressed when glucose was not added (Fig. 3A and B) . With increasing amounts of added glucose, the suppressive effect of Fo47blO was less and less. It was found that the conidial germination of WCS816 was always significantly lower in the presence of Fo47blO even at the highest added glucose concentration. Depending on the concentration of glucose added, the mycelial growth of WCS816 was not modified (102 mg liter-1), slightly increased (103 mg liter-'), or strongly increased (104 mg liter-') in the presence of Fo47b1O compared with the control (O mg liter-'). The concentration of glucose remaining at the end of the experiments was consistently low except when the medium was initially supplemented with a very high concentration (104 mg liter-') ( Fig.   3C ). In this case, the final concentration of glucose measured in the presence of Fo47blO, although still significantly different from that measured in the absence of Fo47blO, was also high (2.52 x 103 mg liter-'). These results indicate, therefore, that nonpathogenic F. oxysporum Fo47b1O did not suppress the mycelial growth of pathogenic F. oxysporum WCS816 when glucose was not limiting (Fig. 3B and C) .
Effect of pseudobactin 358 on growth of pathogenic F. oxysporum WCS816 and nonpathogenic F. oxysporum Fo47blO. The growth of both F. oxysporum strains was affected by pseudobactin 358; however, pathogenic F. oxysporum WCS816 was more sensitive to the bacterial siderophore than nonpathogenic F. oxysporum Fo47b1O (Fig. 4) . Conidial germination was significantly reduced in the presence of 10 p,M pseudobactin 358 in WCS816 but only in the presence of 20,M in Fo47blO (Fig. 4A and B) . Similarly, the effect on mycelial growth was significant at low concentrations of pseudobactin 358 (.0.1 ,M) for WCS816 but only at higher concentrations (.20 p,M) for Fo47blO ( Fig. 4C and  D) .
At concentrations of added pseudobactin 358 high enough to reduce both conidial germination and germ tube length in WCS816 (10, 20, and 40 ,uM) and Fo47b1O (20 and 40 ,uM), a significant loss in the efficiency of fungal glucose metabolism was measured (Fig. 5) . At the highest concentrations, the effect was greater on WCS816 than on Fo47blO. Germ tube lengths were reduced from 51.5 and 18.5% for WCS816 and Fo47b1O, respectively, in the presence of 40 ,uM pseudobactin 358 (Fig. 4C and D) ; the reductions of yield were 55.7 and 36.6%, respectively ( (Fig. 6A) , whereas the growth of mycelium was enhanced with increasing concentrations of Fe"+ (Fig.   6B ).
Effect of pseudobactin 358 on antagonism by nonpathogenic F. oxysporum Fo47blO against pathogenic F. oxysporum WCS816. No reduction in conidial germination of WCS816, effected by Fo47blO, was detected in the presence of pseudobactin 358, although a consistent reduction of the mycelial growth of WCS816, effected by Fo47blO, was detected (Fig. 7) .
DISCUSSION
Biological control of fusarium wilt by nonpathogenic F. oxysporum and its enhancement by specific fluorescent Pseudomonas spp. strains have been demonstrated several times (19, 21, 32) . In a recent study, for example, P. putida WCS358 increased the suppression of fusarium wilt of carnation achieved by nonpathogenic F. oxysporum Fo47blO in soilless culture (23) . The results indicated that pseudobactin 358 production was responsible for this phenomenon.
In the present work, an in vitro bioassay was developed which was necessarily a simplification of the complex interactions between nonpathogenic F. oxysporum Fo47blO, pathogenic F. oxysporum f. sp. dianthi WCS816, and purified pseudobactin 358 from P. putida WCS358. The growth medium had the same salt composition as the nutrient solution used to grow carnation (10), its pH being controlled to avoid changes in iron availability. Since glucose is known to be a common component of root exudates (8, 28) , it was added to the growing medium to study the effect of carbohydrates released from the roots on F. oxysporum interactions. A similar approach was used by Buyer et al. (7), who developed a "rhizosphere" medium to study the role of pseudobactin production by P. putida B10 in the inhibition of Gaeumanomyces graminis var. tritici.
Physical separation of the pathogenic and nonpathogenic F. oxysporum strains during growth in a medium containing the same amounts of glucose allowed the nature of the fungal interactions to be studied. Pathogenic F. oxysporum WCS816 appeared to be more sensitive to the antagonism of nonpathogenic F. oxysporum Fo47blO than vice versa. The level of antagonism achieved by Fo47blO was related to the ratio of inoculant conidia. As the ratio of Fo47blO/WCS816 conidia increased from 1:1 to 10:1, the antagonism was enhanced. However, no further enhancement was recorded when the density ratio was raised from 10:1 to 100:1. These results are in agreement with those obtained in biological control experiments (3, 23) . Nonpathogenic F. oxysporum Fo47blO significantly suppressed fusarium wilt of carnation when the inoculum ratio of Fo47b10/WCS816 was 10:1, and no increased suppression was recorded with an inoculum ratio of 100:1 (23).
Alabouvette et al. (2) suggested that F. oxysporum strains compete for carbon, and Couteaudier and Alabouvette (9) indicated that carbohydrates are the first limiting nutrients for F. oxysporum growth in sterilized soil. Our results suggest that the antagonism of nonpathogenic F. oxysporum Fo47blO and pathogenic F. oxysporum WCS816 is also partly due to glucose competition. We found that, when glucose was present at a high enough concentration, no reduction in mycelial growth of pathogenic F. oxysporum WCS816 in the presence of nonpathogenic F. oxysporum Fo47blO was detected. However, since conidial germination of WCS816 in the presence of Fo47blO was still reduced even at the highest concentration of glucose, mechanisms other than glucose competition appear to be responsible for the inhibition of conidial germination.
Glucose was always present in the medium at the end of the experiments, even when none was added to the growth medium, a result which could only be attributed to its release from the conidia. This is supported by a radiolabeled study which demonstrated that F. oxysporum spores do release carbon (33) . Exudation by fungal spores, enhanced by nutrient depletion due to soil microbial activity, has been shown to be responsible for reduced spore germination (25) . Thus, the reduced conidial germination of WCS816 in the presence of Fo47blO may be related to increased exudation by the conidia of WCS816. This hypothesis, which remains to be demonstrated, may explain why the conidial germination of WCS816 was not affected by the glucose content of the medium when the strain was grown alone but nevertheless was affected by the glucose content when it was grown in the presence of Fo47blO. Pseudobactin 358 reduced conidial germination and mycelial growth of both F. oxysporum strains. Since ferric pseudobactin 358, in contrast to pseudobactin 358, did not reduce fungal growth, antagonism by pseudobactin 358 seems to be related to iron competition. These results are in agreement with previous studies (27) and may be explained by the higher affinity for iron of pseudobactin 358 (42) control experiments in which pseudobactin 358 production by P. putida WCS358 increased the antagonistic effects of Fo47blO (23) . Since WCS816 is more sensitive to pseudobactin 358 than Fo47blO, the effect of pseudobactin 358 produced at the root level (6) will most likely be greater on WCS816.
Both microbial competition for carbon and that for iron were demonstrated to play major roles in the natural suppressiveness of some soils against fusarium wilts (1, 20, 37 
